Restrictive dermopathy (RD) is a rare disorder causing stillbirth or early neonatal death. Mutations in ZMPSTE24 and LMNA genes are reported as the causes of RD. In this report, we identified two novel, biparental-origin mutations of ZMPSTE24 gene in a family with two consecutive pregnancies demonstrated with prenatal ultrasonography features of RD. Considering the lethal outcome of RD, molecular genetic analysis has been applied in the prenatal diagnosis of their second affected fetus and the subsequent pregnancy. Moreover, we summarized the prenatal and postnatal features of RD patients, as well as pathogenic mutations described in the literature. Better awareness of clinical features and molecular pathogenesis of RD could be of significance in prenatal diagnosis and appropriate management of the disorder.
Introduction
Prenatal ultrasonography finding of chorion and amnion separation is a normal physiological feature before 14 weeks of gestation, because chorion-amnion fusion generally occurs between 14 and 16 weeks of gestation [1] . However, delayed chorioamniotic fusion is considered pathological. In fetuses with chorioamniotic membrane separation (CMS), the incidences are significantly increased in the risks of intrauterine fetal death (IUFD), intrauterine growth restriction (IUGR), fetal structural abnormalities, chromosomal anomalies, and lack of elastic fibers in fetal dermis and connective tissue disorders [2] . The latter ones have been reported repeatedly in fetal restrictive dermopathy (RD).
Restrictive dermopathy (OMIM 275210) is a sporadic, lethal genodermatosis, characterized by thin, shiny, and rigid skin; multiple joint contractures; and facial dysmorphisms, including small pinched nose, mouth fixed in O-position, micrognathia, low-set ears, ectropion, and enlarged fontanels [3] [4] [5] [6] [7] [8] [9] [10] [11] . Fetal RD may result in stillbirth or early neonatal death. Pregnancies with fetal RD are likely to develop abnormal amniotic fluid volume, premature delivery, preterm premature rupture of membranes, fetal distress, and intrauterine growth restriction (IUGR) and are generally diagnosed postnatally [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . The exact pathogenetic mechanism of the fetal RD remains unclear, but it appears to involve a primary defect of collagen metabolism [22, 23] . It is therefore suggested that RD was caused in most cases by ZMPSTE24 autosomal recessive mutations, or less frequently by LMNA autosomal-dominant mutations [24] [25] [26] . In the present study, we report the identification of two novel ZMPSTE24 gene Yunan Wang and Chang Liu contributed equally to this work.
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Case Presentation
A 23-year-old, gravida 1 para 0, woman was referred to our center at 30 +4 weeks of gestation for anomalous findings by prenatal ultrasonography. The couple was not consanguineous, and were both of Guangdong ancestry. Their personal and family history were unremarkable. Prenatal ultrasonography examination indicated the fetus with asymmetric growth restriction, chorioamniotic membrane separation, polyhydramnios, a small round continuously open mouth, micrognathia, fixed flexion contractures of the upper limb, and fetal intra-abdominal umbilical vein varix ( Fig. 1 ). Two days later, the patient felt no fetal movement, and intrauterine fetal death was diagnosed by emergency ultrasound. Induction of labor was performed, and a stillborn female fetus was born vaginally. Physical examination revealed generalized fixed joint contraction, inelastic skin with erosion in the neck, and blood vessels easily seen below the surface. The face was characteristic of RD, with low-set ears, small pinched nose, O-shaped position mouth, microstomia, enlarged fontanelles, absent eyelashes, short and downslanting palpebral fissures, palpebral conjunctival eversion, and micrognathia. The parents refused further examination and genetic analysis.
Two years later, the woman was returned to our center again at 26 +1 weeks of gestation due to abnormal ultrasonographic findings similar to her first pregnancy. Prenatal ultrasonographic examination revealed a fetus with asymmetric growth restriction, chorioamniotic membrane separation, oligohydramnios, O-shaped position mouth, and fetal intraabdominal umbilical vein varix (Supplementary figure 1) . The two pregnancies with features of RD were highly suggestive of an underlying genetic condition.
Results

Genetic Testing
After pre-test counseling, peripheral blood samples were obtained from the couple and umbilical cord blood sample was Moreover, gene panels comprising all OMIM-referenced genes called "Medical Exome" (ME) were recommended to the family, and two novel compound heterozygous variants in ZMPSTE24 gene were revealed in the umbilical cord blood sample (Supplementary figure 2). Sanger sequencing was used to validate candidate variants. The missense mutation c.1006G>C in exon 8 of ZMPSTE24 gene corresponds to amino acids Glu (E) 336 abnormally changed to Gln (Q); the frame shift mutation c.1389_1390delAG in exon 10 of ZMPSTE24 gene is predicted to produce a mutant protein p.Glu464Glufs*57. The variants were neither found in the datasets of the Exome Aggregation Consortium (ExAC) (Exome Aggregation Consortium et al., 2016) nor the 1000 Genomes Project (Genomes Project et al., 2015). Subsequently, DNA from both parents was tested. The autosomal recessive inheritance of the disease was confirmed. The father of the probands carried a heterozygous c.1006G>C mut a t i o n , a n d t h e m o t h e r c a r r i e d a h e t e r o z y g o u s c.1389_1390delAG mutation. Genetic counseling was provided to the couple, including the prognosis of the disease, recurrence information, and reproductive choices.
Prenatal Diagnosis
Two years later, the couple came to our center at 11 +2 weeks of gestation for prenatal genetic diagnosis. Detailed information was provided to them, regarding the fetal DNA sampling procedures, the risk of fetal mortality, and the limitations of the tests. With ultrasound-guided procedures, chorionic villus sample was obtained for fetal DNA analysis. Prenatal diagnosis results indicated the fetus carried a heterozygous missense mutation c.1006G>C in ZMPSTE24 gene inherited from the father, but did not carry the frame shift mutation c.1389_1390delAG from the mother. Close monitoring was given during the pregnancy, and prenatal ultrasonography results suggested a normal intrauterine growth (Supplementary figure 3 ). At 40 +3 weeks of gestation, a healthy female baby was delivered. The birth length was 55 cm, birth weight was 3550 g, and head circumference was 34 cm. Neonatal examinations indicated normal, and follow-ups at age one suggested a normal childhood development.
Discussion
Restrictive dermopathy is a rare disorder causing stillbirth or early neonatal death. The prenatal diagnosis of RD is difficult because the symptoms develop late in the second trimester and are nonspecific. There are approximately 50 cases of RD with prenatal findings reported worldwide, but almost all were retrospectively described. Common features include preterm delivery (in 46 out of 50), IUGR (in 25 out of 50), decreased fetal movements (in 25 out of 50), micrognathia (in 4 out of 50), oligohydramnios (in 7 out of 50), or polyhydramnios (in 11 out of 50). Prenatal findings of both probands in the present report fit the criteria of fetal RD. Notably, both probands manifested with an uncommon prenatal condition of spontaneous CMS in late second or third trimester. A similar observation has been reported previously [1, 27] . Kim et al. reported two consecutive pregnancies of RD manifested with CMS at 29 +4 and 26 +3 wGA, and Chen et al. reported a case of fetal RD manifested with CMS at 31 wGA. Delayed onset CMS is relatively rare and abnormal [28] . The repeated observation of the sign in different cases suggests CMS may be associated with RD. Histopathological studies have demonstrated a lack of elastic tissue and abnormally arranged collagen bundles in RD [3, 22] ; therefore, decreased strength of the chorion and amnion permits amniotic fluid leaking into the chorionic cavity, and may account for the association of CMS. This hypothesis may also explain the oligohydramnios that appeared in the second pregnancy of our case as well as that which was noted in previous reports [1, 27] . Another notable finding in the present case was fetal intra-abdominal umbilical vein varix (FIUVV). In both probands, the diameter of the intra-abdominal umbilical vein was greater than 9 mm. We hypothesized that the inelastic and dilated blood vessels would lead to inadequate vasoconstriction, increased cardiac preload, and reduced venous return, which could contribute to the FIUVV. Table 1 shows a summary of prenatal and postnatal features of RD patients, as well as pathogenic mutations described in the literature. RD was caused in most cases by compound heterozygous or homozygous ZMPSTE24 null mutations, or less frequently by LMNA mutations. LMNA is encoding lamin A and lamin C by alternative splicing, while ZMPSTE24 is encoding the zinc metalloproteinase ZMPSTE24, which is necessary for the processing of prelamin A to mature lamin A. Therefore, LMNA mutations are classified as primary laminopathies, whereas ZMPSTE24 mutations are included in the group of the secondary laminopathies [21, 29, 30] . Given that RD samples are very rare and primary RD fibroblasts are not easy to maintain in culture because of intrinsic 
Case 54 3,4,9,11 1,3,4,5,7,8,9,11,15,16,17,18,20,22,32,40 figure 4) . These structural data would be helpful to predict pathogenicity of novel mutations in ZMPSTE24 gene. In patients, ZMPSTE24 proteins lacking the ER retention signal and/or transmembrane domains may be identified as misfolded proteins, being degraded by the proteasome.
In this report, we identified two novel, biparental-origin mutations of ZMPSTE24 gene in a family with two consecutive pregnancies demonstrated with prenatal ultrasonography features of RD. Considering the lethal outcome of RD, molecular genetic analysis has been applied in the prenatal diagnosis of their second affected fetus and the subsequent pregnancy. Despite its comparative rarity, improved awareness of the prenatal features of RD is of importance in the early diagnosis and timely intervention of fetal RD. The repeated observations of "CMS" and "FIUVV" in the probands of our case suggest they could be associated with fetal RD. In addition, we summarized the prenatal and postnatal features of RD patients, as well as pathogenic mutations described in the literatures. Better awareness of clinical features and molecular pathogenesis of RD could be of significance in prenatal diagnosis and appropriate management of the disorder. 
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